Epigenetic changes caused by DNA methylation and histone modifications play important roles in the regulation of various cellular processes and development. Recent discoveries of 5-methylcytosine (5mC) oxidation derivatives including 5-hydroxymethylcytosine (5hmC), 5-formylcytsine (5fC) and 5-carboxycytosine (5caC) in mammalian genome further expand our understanding of the epigenetic regulation. Analysis of DNA modification patterns relies increasingly on sequencing-based profiling methods. A number of different approaches have been established to map the DNA epigenomes with single-base resolution, as represented by the bisulfite-based methods, such as classical bisulfite sequencing (BS-seq), TAB-seq (TET-assisted bisulfite sequencing), oxBS-seq (oxidative bisulfite sequencing) and etc. These methods have been used to generate base-resolution maps of 5mC and its oxidation derivatives in genomic samples. The focus of this review will be to discuss the chemical methodologies that have been developed to detect the cytosine derivatives in the genomic DNA. 
INTRODUCTION
The term "Epigenetics" was coined by the British developmental biologist Conrad Waddington in 1939 (Waddington, 1939) , and can be defined as heritable changes in traits that occur without alteration of the underlying primary DNA sequence. "Epi" means "upon" or "over", and the "genetics" indicates its heritability and also the involvement of genes. Epigenetics reflects "the need to study events 'over' or beyond the gene" (Jablonka and Lamb, 2002) . Genome-wide studies on epigenetic changes are now termed as "epigenomics". At the molecular level, epigenetic phenomena are regulated by so-called epigenetic marks that include covalent modifications on DNA bases and histones.
Epigenetic changes represented by DNA and histone modifications play essential roles in the regulation of chromatin structure and genome stability, genomic imprinting, development, carcinogenesis and aging etc (Bender, 2004; Bird, 2002; Zhu, 2009 ). The methylated nucleotide 5-methyldeoxycytidine (5mC) was identified long before DNA was recognized as genetic material (Johnson and Coghill, 1925) . Up to 60%-80% of the 28 million CpG dinucleotides in the human genome and approximately 24% of cytosine in higher plants are methylated (Cokus et al., 2008) ; however, 5mC is undetectable in yeasts or nematodes (Doerfler, 1983; Lister et al., 2009b; Ziller et al., 2013) . DNA hypermethylation in promoter regions usually represses gene transcription; the methylation can either directly interfere with the binding of transcriptional factors, or function indirectly by promoting the formation of repres-sive chromatin via methyl DNA-binding proteins (Bird, 2002) .
DNA methylation is established and maintained by DNA methyltransferases (Wu and Zhang, 2010) . DNA methyltransferase catalyzes the transfer of the methyl group of S-adenosyl methionine (SAM) to the 5′-position of cytosines through a reaction involving base flipping (Roberts and Cheng, 1998) . In mammals, DNMT3a/b (DNA methyltransferase 3) and DNMT1 are responsible for de novo synthesis and maintenance of DNA methylome, respectively (Goll and Bestor, 2005) (Figure 1 ). Correct establishment of DNA methylation pattern is critical for normal development in animals and plants. For instance, null mutations in mouse DNMT1 or DNMT3a/b result in embryonic lethality; and both met1 and drm1 drm2 cmt3 triple mutations in Arabidopsis result in developmental abnormalities (Chan et al., 2005; Goll and Bestor, 2005) .
In 2009, 5-hydroxymethylcytosine (5hmC) was shown to be present in relatively high abundance in certain mammalian cells and tissues (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009) . 5-formylcytosine (5fC) and 5-carboxycytosine (5caC) was soon later detected in mouse ES cells and brain cortex by thin layer chromatography (TLC) and liquid chromatography tandem mass spectrometry (LC-MS/MS) Ito et al., 2011; Pfaffeneder et al., 2011) . These cytosine derivatives are produced Figure 1 (color online) Cytosine modification dynamics and demethylation pathway in mammalian genome. DNA methylation is established and maintained by DNA methyltransferases, while demethylation can be implemented through either passive or active pathways. TET family proteins orderly oxidize 5mC to 5hmC, 5fC, and 5caC. The oxidation products 5fC and 5caC can be recognized and excised by mammalian thymine DNA glycosylase (TDG), and then eventually transformed to normal cytosine through base excision repair (BER) pathway, thus completing an active demethylation process. from a stepwise oxidation of 5mC by the TET (ten-eleven translocation) family dioxygenase Tahiliani et al., 2009) (Figure 1 ). 5mC hypermodification on promoter region is generally viewed as a "silencing" epigenetic mark of gene expression (Jones, 2012) . 5hmC, 5fC and 5caC have been demonstrated to be intermediates in mammalian active demethylation pathway Ito et al., 2011; Tahiliani et al., 2009) , and may have more regulatory roles mediated by the interacting proteins (Iurlaro et al., 2013; Kellinger et al., 2012; Spruijt et al., 2013; Yildirim et al., 2011) . Mounting evidence has demonstrated that the enzyme-mediated chemical modification of cytosine bases has emerged as an important area of epigenetic regulation and drawn broad attention from various research communities . To better understand the biological roles of these newly-discovered cytosine derivatives, it is important to know the genome distribution patterns, better at single-base resolution.
Thanks to recent advances in high-throughput sequencing technology, which is also termed as next generation sequencing (NGS) and provides massive sequencing data on genome information, a number of strategies for highthroughput detection of cytosine modifications at wholegenome scale have been recently described and have led to important discoveries in many systems, leading to a new paradigm of epigenome studies. As a powerful technology of investigating epigenetic alterations at genome-wide level, high-throughput sequencing could produce thousands or millions of sequences concurrently in one process. Antibody mediated DNA immunoprecipitation sequencing (DIP-seq) is widely used to profile the epigenetic modifications (Pastor et al., 2011; Shen et al., 2013; Wu et al., 2011) . Meanwhile, several chemical or enzymatic assisted profiling methods were developed to analyze the 5mC , 5hmC (Pastor et al., 2011; Robertson et al., 2011; Song et al., 2011; Sun et al., 2013) and 5fC (Raiber et al., 2012; Song et al., 2013) . The affinity-based profiling methods have advanced our understanding of the distribution pattern across the genome, but the resolution (typically several hundred base-pairs) limits its capacity of precisely mapping the modified sequences with single-base resolution. The current methods with single-base resolution mainly relies on the bisulfite sequencing (BS-seq) to distinguish 5mC from C (Lister and Ecker, 2009; Lister et al., 2008) . Modified BS-seq include the TAB-seq (TET-assisted bisulfite sequencing) (Yu et al., 2012) and oxBS-seq (oxidative bisulfite sequencing) to assess 5hmC , fCAB-seq (5fC-assisted bisulfite sequencing) and redBS-seq (reduced bisulfite sequencing) (Booth et al., 2014a) to quantitatively sequence 5fC, and CAB-seq (chemical modification-assisted bisulfite sequencing) or MAB-seq (M.SssI Methylase-assisted bisulfite sequencing) (Guo et al., 2014; Wu et al., 2014) to detect 5caC or 5fC/5caC simultaneously. Bisulfite-free method fC-CET (cyclization-enabled C-to-T transition of 5fC) is also discussed. The focus of this review is to discuss these chemical-assisted methodologies for the detection of the cytosine derivatives with single-base resolution at the genome-wide scale.
SINGLE-BASE RESOLUTION SEQUENCING METHODS FOR CYTOSINE DERIVATIVES

Bisulfite sequencing
The bisulfite mediated deamination of cytosine (C) to uridine (U) was first discovered independently by two groups in 1970 (Hayatsu et al., 1970; Shapiro and Weisgras, 1970) . High concentrations of bisulfite anion adds to 6'-carbon position of the protonated cytosine, generating a cytosinsulphonate, which loses aromaticity of the base and undergoes hydrolysis and deamination (Booth et al., 2014b) . The resulting bisulfite adduct, uracilsulphonate, rearomatises in alkaline conditions to form uracil ( Figure 2 ). The methyl group on 5′-carbon of 5mC makes the base stay intact in the bisulfite treatment. In the subsequent PCR amplification and sequencing, all of the cytosines in the DNA convert to thymines and read as T, while 5mC still sequenced as C (Figure 3) . Bisulfite conversion of genomic DNA combined with next-generation sequencing (BS-seq), which has been regarded as the golden standard for 5mC detection, is widely used to study genome-wide DNA methylation dynamics with single-base resolution (Lister and Ecker, 2009; Lister et al., 2008; Lister et al., 2009a; Ziller et al., 2013) .
When analyzing bulk genomic DNA samples, multiple copies of the same genetic sequence are usually involved due to isolation of DNA from massive cells, thus each cytosine site may contain varied percentages of epigenetic modification. BS-seq also offers the quantitative information of 5mC. With NGS platform which sequencing each genome region with multiple reads, each base can be sequenced several times. By quantifying the percentage of C readout and T readout at anticipated 5mC sites, the quantitative information can be calculated as n(C)/n(C+T) in a genome wide scale.
Oxidative bisulfite sequencing
The presence of 5mC oxidation derivatives in mammalian genome makes bisulfite sequencing more complicated, since 5hmC reads as C, same with the 5mC, while both 5fC and 5caC read as T in BS-seq. To address this problem, Balasubramanian and colleagues developed the oxidative bisulfite sequencing (oxBS-seq) for 5mC and 5hmC base-resolution sequencing in mammalian genomes . They found that KRuO 4 (potassium perruthenate) specifically oxidizes 5hmC to 5fC, which would undergo deamination under repeated bisulfite treatments (Figure 4) . Therefore, in a DNA sample sequenced with oxBS-seq, 5hmC would read as thymine, whereas 5mC still reads as cytosine (Table 1 , oxBS-seq). Comparing the canonical BS-seq data and oxBS-seq data would generate the 5hmC map quantitatively with single-base resolution.
Booth and colleagues generated the first single-base resolution map of 5mC and 5hmC in the CpG rich regions of mouse embryonic stem cells (mESCs) with reduced representation oxBS-seq Booth et al., 2014b) . Potential limitations of oxBS-seq include severe damage and degradation of genomic DNA caused by oxidation con- Figure 2 (color online) Mechanism of bisulfite sequencing. Deamination of C to U is achieved through the addition of sodium bisulfite to the C5-6 double bond, followed by deamination of the cytosinsulphonate. The uracil-sulfite adduct can be conversed to be uracil under alkaline conditions and further reads as thymine during PCR amplification. 
a) Sequencing output of DNA epigenome sequencing methods. C* indicated the unmodified cytosine in CpG dinucleotides. ditions, as well as by the repeated bisulfite treatments in order to fully deaminate 5fC. With further optimizing the oxidation step to reduce DNA degradation, oxBS-seq could be applied to as low as 100 ng input gDNA .
TET-assisted bisulfite sequencing
Another method to detect 5hmC, TET-assisted bisulfite sequencing (TAB-Seq) was independently developed by He and collaborators (Yu et al., 2012) . TAB-Seq uses the -glucosyltransferase (GT) to modify 5hmC, and a recombinant mouse TET1 to convert the 5mC to 5caC. While the previously glucosylated 5hmC stays intact during oxidation by the TET1, subsequent bisulfate treatment causes decarboxylation and deamination of 5caC to form uracil, hence "wiping out" signals of 5mC ( Figure 5 ). Therefore, TAB-Seq gives a direct read-out of 5hmC (Table 1 , TAB-seq). To obtain base-resolution information of 5mC, the results of TAB-Seq can be compared with those of traditional bisulfite sequencing, which reveals the sum of 5mC+5hmC (Yu et al., 2012) . A subtraction yields the base-resolution map of 5mC (Table 1 , TAB-seq). TAB-Seq has been used to generate whole-genome 5hmC maps of mESC (Yu et al., 2012) . By this means, sites that contained significant levels of 5hmC throughout the entire genome and new distribution features have been detected. 5hmC is enriched at distal functional regulatory elements near but not on transcription factor-binding sites. Also, distinct from the symmetric pattern of 5mC on the CpG dinucleotide, most of the 5hmC sites show strand asymmetry Yu et al., 2012) . A minor limitation is that GT enzyme was shown to exhibit inefficiencies when glucosylating 5hmCpGp5hmCpGs (Yu et al., 2012) , which may cause difficulties for sites with multiple 5hmCs in close proximity. However, such 5hmC pattern is rare in genome, thus this method has been widely used in various samples (Lister et al., 2013; Wang et al., 2014) .
Figure 5
Mechanism and sequencing output of TAB-Seq. 5hmC is protected from further bisulfite conversion by glucosylation of GT. Upon treatment with TET1, 5mC is oxidized to 5caC, which is then deaminated by sodium bisulfite. In TAB-Seq, 5hmC is the only base to read as a C.
Chemical-assisted bisulfite sequencing and reduced bisulfite sequencing for 5fC
Recently, two kinds of chemical methods, fCAB-Seq (chemical-assisted bisulfite sequencing for 5fC) and redBS-Seq (reduced bisulfite sequencing) (Booth et al., 2014a) have been developed to detect 5fC at single base resolution. The basic principle of these methods is to block the conversion of 5fC to U during bisulfite treatment.
fCAB-Seq is developed based on the findings that hydroxylamine-protected 5fC can be resistant to the bisulfite treatment . He and colleagues used the O-ethylhydroxylamine (EtONH 2 ) to label 5fC ahead of the bisulfite treatment. The labeled 5fC product stays intact in the bisulfite treatment and reads as C in BS-seq (Figure 6) . Therefore, by subtracting the data obtained from BS-Seq and fCAB-Seq, 5fC can be identified as the difference. In the former case, C, 5fC and 5caC read as T, while in the latter case, only C and 5caC reads as a T while 5fC reads as a C (Table 1 , fCAB-seq). So far, fCAB-Seq has been applied successfully to detect 5fC at base-resolution within several targeted regions in mammalian genomic DNAs Wang et al., 2014) .
In redBS-Seq, NaBH 4 is used to reduce 5fC to 5hmC in genomic samples (Booth et al., 2014a) . 5fC deformylates then deaminates to U in the bisulfite treatment, while 5hmC converts to cytosine-5-methylsulfonate (CMS) and read as C. Upon reduction with NaBH 4 , 5fC is converted to 5hmC in DNA, leading to all 5fC being read as C in BS-seq (Figure 6) . By comparing the output of redBS-Seq where 5fC reads as C with the BS-Seq data where 5fC reads as T, would enable the detection of 5fC quantitatively with single-base resolution (Table 1 , redBS-seq). This method was also employed in parallel with oxBS-Seq to generate a first map of 5mC, 5hmC and 5fCs simultaneously. It should be mentioned that He and colleagues compared the protection Figure 6 (color online) Mechanism of fCAB-Seq and redBS-Seq. In fCAB-Seq, 5fC is protected by EtONH 2 and can be resistant to bisulfate treatment, thus reads as C in the subsequent BS-seq. In redBS-seq, 5fC is reduced to 5hmC by NaBH 4 treatment, and reads as C in the BS-seq. By comparing the output of redBS-Seq where 5fC reads as C with the BS-Seq data where 5fC reads as T, would enable the detection of 5fC quantitatively with single-base resolution. efficiency of EtONH 2 -labeled 5fC (fCAB-seq) and NaBH 4 -reduced 5fC (redBS-seq) under bisulfite treatment, and found that the former method works a bit better .
Chemical modification-assisted bisulfite sequencing 5caC was found at levels ten times lower than 5fC in genomic DNA . Under typical bisulfite conditions, both 5fC and 5caC are deaminated and read as T, making it difficult to distinguish them from unmodified cytosine. One method has been published to detect 5caC in DNA, termed CAB-Seq (chemical modifiction-assisted bisulfite sequencing) . In CAB-Seq, 5caC is converted to an amide by reaction with EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride) and a primary amine. The amide-derivatives of 5caC inhibit its conversion to U during bisulfite treatment, thus read as C (Figure 7) . This method could potentially be used to detect 5caC by subtracting the BS-Seq data (where C, 5fC and 5caC read as T) from this CAB-Seq data (where 5caC reads as a C) ( Table 1 , CAB-seq). Currently, the CAB-Seq method has been used on synthetic DNA; it would be of great interest if CAB-Seq or other methods could be used for genome-wide detection of 5caC.
M.SssI Methylase-assisted bisulfite sequencing
The above chemical modification-assisted bisulfate (BS)-seq methods all require subtraction of BS-seq signals to indirectly map 5mC, 5hmC, 5fC or 5caC. A recently reported method named MAB-seq (M.SssI methylase-assisted bisulfite sequencing) provided a direct base-resolution mapping method for 5fC/5caC simultaneously (Guo et al., 2014; Wu et al., 2014) . In the first step of MAB-seq, genomic DNA is treated with the bacterial DNA CpG methyltransferase M.SssI, an enzyme that was isolated from Spiroplasma sp. strain MQ1 and is known to methylate cytosines within the context of CpG dinucleotides. In the second step, when the M.SssI-treated DNA is subjected to bisulfite treatment, only 5fC and 5caC and non-CpG cytosines would be deaminated; originally unmodified C within CpGs is protected as 5mC (Figure 8 ). Subsequent sequencing reveals 5fC and 5caC as T, while C/5mC/5hmC would be read as C (Table 1, MAB-seq) . Considering that most cytosine modifications present on the CpG samples, the MAB-seq is practical in the samples regarding embryonic development to directly determine the location and abundance of 5fC and Figure 7 (color online) Mechanism of CAB-Seq. In CAB-Seq, 5caC is converted to an amide through reacting with EDC and a primary amine, thus avoiding the conversion to U during bisulfite treatment, and are therefore read as a C. Figure 8 Schematic overview of M.SssI methylase-assisted bisulfite sequencing procedure. Genomic DNA is treated with methyltransferase M.SssI, and then subjected to bisulfite treatment. Only 5fC, 5caC and non-CpG cytosines is deaminated; the original C within CpGs is protected as 5mC. Subsequent sequencing reveal 5fC and 5caC as T, whereas C/5mC/5hmC would be read as C. 5caC as active demethylation intermediates (Guo et al., 2014; Wu et al., 2014) . However, when it comes to the samples where non-CpG modification is in higher levels like neuronal samples (Lister et al., 2013; Wang et al., 2014) , MAB-seq may not be useful as well.
Cyclization enabled C-to-T transition of 5fC
Recently, we have developed a "bisulfite-free" method, fC-CET, to sequence genome-wide 5fC at single-base resolution (Xia et al., 2015) . Based on a cyclization labeling of Friedländer reaction, which involves both formyl group and amino group, we identified several chemicals which labeled 5fC with superior selectivity. Though much of the chemicals do not affect its base-pairing with guanine (G), one chemical, 1,3-indandione, is unique as its labeling product is read as thymine (T) instead of cytosine (C) during PCR amplification ( Figure 9A) . The "C-to-T" transition property of this chemical labeling thus directly detects 5fC sites (Table 1).
Considering the limited abundance of 5fC in genome, we further modified the chemical to allow enrichment of 5fC-modified genomic fragments ( Figure 9B ). We synthesized an azido derivative of 1,3-indandione (AI), which has an azide "tail" but does not affect its reactivity with 5fC. A biotin can be labeled to azide group through wellestablished "click chemistry" to facilitate pulling-down 5fC-modified fragments. Combining the "C-to-T" transition property and the affinity-enriched 5fC region, we figured out the comprehensive map of 5fC in mouse embryonic stem cells. The differential modified 5fC sites indicates that 5fC-modified marked genomic regions are more active than 5hmC-marked ones (Xia et al., 2015) . Meanwhile, it is worth noting that fC-CET based chemical treatment causes little DNA degradation and detects modifications directly ( Xia et al., 2015) , suggesting potential applications of analyzing rare samples even at single-cell level.
FUTURE PROSPECTS
So far, the bisulfite sequencing based chemical methods have been developed to decode 5mC, 5hmC, 5fC, and 5caC at single base resolution in bulk genomic DNA, which greatly advanced our understanding of the epigenetic regulation in development, diseases and even brain function. Most of the methods have been successfully used to analyze the genome wide distribution pattern of modified cytosines. However, analyzing rare bases like 5hmC requires significant sequencing depth (Yu et al., 2012) , let alone 5fC or 5caC which only occupies hundredth or thousandth of the 5hmC level in genome , respectively. Meanwhile, because of the extremely low abundance of 5caC, genome wide sequencing of 5caC with single-base resolution is still challenging. Future methods should address the problem to economically analyzing the epigenome with single-base resolution.
Since the bisulfite treatment causes significant degradation of DNA samples, it is biased to analyze the methylome in single-cell samples like zygote or early embryos (Guo et al., 2013; Smallwood et al., 2014) . Moreover, analyzing the epigenome of 5mC oxidation derivatives at single-cell level is desired but not approachable currently because of the severe degradation of DNA in bisulfite treatment. Developing some alternative methods even bisulfite-free methods for single-cell epigenome sequencing remains a big challenge for both biologists and chemists, as well as engineers. Recent development of single-molecule, re-al-time sequencing (SMRT-seq) platform (Flusberg et al., 2010) and nanopore-based sequencing (Wescoe et al., 2014) provide possible solutions for these questions, but much remains to be refined like input quantity, error rate, sequencing depth etc. Novel chemical methods for epigenome research are still appealing.
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